In this study, high-resolution climate projections over Ontario, Canada, are developed through an ensemble modeling approach to provide reliable and ready-to-use climate scenarios for assessing plausible effects of future climatic changes at local scales. The Providing Regional Climates for Impacts Studies (PRECIS) regional modeling system is adopted to conduct ensemble simulations in a continuous run from 1950 to 2099, driven by the boundary conditions from a HadCM3-based perturbed physics ensemble. Simulations of temperature and precipitation for the baseline period are first compared to the observed values to validate the performance of the ensemble in capturing the current climatology over Ontario. Future projections for the 2030s, 2050s, and 2080s are then analyzed to help understand plausible changes in its local climate in response to global warming. The analysis indicates that there is likely to be an obvious warming trend with time over the entire province. The increase in average temperature is likely to be varying within [2.6, 2.7]8C in the 2030s, [4.0, 4.7]8C in the 2050s, and [5.9, 7.4]8C in the 2080s. Likewise, the annual total precipitation is projected to increase by [4.5, 7.1]% in the 2030s, [4.6, 10.2]% in the 2050s, and [3.2, 17.5]% in the 2080s. Furthermore, projections of rainfall intensity-duration-frequency (IDF) curves are developed to help understand the effects of global warming on extreme precipitation events. The results suggest that there is likely to be an overall increase in the intensity of rainfall storms. Finally, a data portal named Ontario Climate Change Data Portal (CCDP) is developed to ensure decision-makers and impact researchers have easy and intuitive access to the refined regional climate change scenarios.
Introduction
As one of the most pressing issues in the world, climate change has already caused evident impacts on natural and human systems on all continents and across the oceans in recent decades (IPCC 2014) . For example, changing precipitation or melting snow and ice are altering hydrological systems in many regions, which may further affect water resources in terms of quantity and quality (e.g., Crossman et al. 2013; Jordan et al. 2014; Parmesan and Yohe 2003; Piao et al. 2010; Whitehead et al. 2009; Yang and Yang 2014) ; many terrestrial and marine species have shifted their geographic ranges and migration patterns in response to the ongoing climate change (e.g., Cheung et al. 2009; Doney et al. 2012; Harley et al. 2006; Ling et al. 2014; Poloczanska et al. 2013 ; L. Z. Wang et al. 2014) ; and climate change is also affecting human health as a result of increased frequency and intensity of extreme weather events, including heat waves, floods, and droughts (e.g., Haines et al. 2006; Hansen et al. 2012; Hirabayashi et al. 2013; Ma et al. 2014; McMichael et al. 2006; Patz et al. 2005) . This is particularly true for Canada where extreme weather events have frequently struck its major cities in recent years and caused tremendous amounts of damage (He et al. 2011; Robinson et al. 2009; Valeo et al. 2007 ). For instance, the severe floods in Calgary and Toronto in 2013 have been recorded as the largest natural disasters in the histories of Alberta and Ontario, respectively. The insurance costs caused by these two events have constituted the first and third largest natural insured catastrophes in Canadian history. Recent modeling efforts suggest that continued emission of greenhouse gases will cause further warming and longlasting changes in all components of the climate system, increasing the likelihood of severe, pervasive, and irreversible impacts on human ecosystems (IPCC 2014) . While mitigating climate change would require substantial and sustained reductions in greenhouse gas emissions through worldwide consensus and collaboration, adapting to climate change has become a major focus of regional and local policymakers and development practitioners (Jones et al. 2012; Wende et al. 2012) .
Planning adaptation strategies against the changing climate requires a thorough assessment of the potential impacts of climate change at local scales. However, climate change impact assessment is usually subject to a number of challenges that may pose as a barrier to impact researchers and decision-makers. Forecasts of future climate change under different emission scenarios (IPCC 2000; Van Vuuren et al. 2011) can be implemented only with global climate models (GCMs), which usually run at the global scale with a coarse resolution of 150-300 km. This makes GCM outputs unsuitable for driving impact models (e.g., for crops, water resources, and terrestrial ecosystems) because these models require projections with a much finer resolution (in the order of 10 km). Further downscaling through either dynamical or statistical techniques is thus required for deriving regional climate details from the coarse-resolution outputs (e.g., Castro et al. 2005; Diro et al. 2012; Jordan et al. 2014; Pierce et al. 2013; Schmidli et al. 2006; Wang et al. 2013 Wang et al. , 2014b . However, effective downscaling of GCM projections is practically difficult for impact researchers because of the lack of computation resources and/or long-term reference data, which are indispensable for either dynamical or statistical downscaling (Fowler et al. 2007; Jha et al. 2013; Rife et al. 2013; Willems et al. 2012) . Such difficulty has become a major barrier preventing informed mitigation and adaptation planning, which is of immediate concern to scientists, practitioners, and policymakers (Bierbaum et al. 2013; Brown and Wilby 2012; Carlsson-Kanyama et al. 2013; Surampalli et al. 2013) .
As the largest economy in Canada, the province of Ontario is now suffering extraordinary changes in its local climatology, such as more frequent and intense weather anomalies (e.g., heat waves, floods, droughts, and wind gust) and shorter duration of ice cover on and fluctuating water levels in the Great Lakes. Such changes have caused a large number of weather-related catastrophes along with massive losses of life and tremendous socioeconomic damages (Ontario Ministry of the Environment 2011a). In response to these changes, the government of Ontario has initiated prudent steps to protect its public health, economy, and communities from the harmful effects of climate change (Ontario Ministry of the Environment 2011b). Implementation of such an adaptation initiative substantially depends on our current understanding of future climatic changes in the context of Ontario as well as our confidence about these changes (Wang et al. 2015) . As a result, reliable climate projection with finer resolution over Ontario is becoming an urgent need to local policymakers and climate researchers who are focusing on climate change impact assessment at regional scales (Wang et al. 2014a) .
In this study, we will develop high-resolution regional climate projections over Ontario using an ensemble modeling approach to provide reliable and ready-to-use climate scenarios for assessing plausible effects of future climatic changes. Specifically, we will adopt the Providing Regional Climates for Impacts Studies (PRECIS) regional climate modeling system to carry out ensemble simulations to the current and future climate over Ontario in a continuous run from 1950 to 2099. The PRECIS ensemble consists of five members that are driven by different boundary conditions from a perturbed physics GCM ensemble based upon the Hadley Centre Coupled Model, version 3 (HadCM3). The simulated results of temperature and precipitation for the baseline period will be compared to the relevant observations to validate the PRECIS ensemble's performance in capturing the current climatology of Ontario. Future projections will then be spilt into three time slices (i.e., the 2030s, 2050s, and 2080s) to help understand short-and long-term changes in the local climate in response to increasing greenhouse gas emissions. Furthermore, a web-based climate data portal, named Ontario Climate Change Data Portal, will be developed with integration of all modeling results from the PRECIS ensemble to ensure that the public (e.g., decision-makers and impact researchers) have free access to the high-resolution climate projections. Apart from the representative climate variables, such as temperature, precipitation, humidity, solar radiation, wind speed, and wind direction, we will also develop projections of rainfall intensity-duration-frequency (IDF) curves to help understand the possible effects of climate change on extreme precipitation events. The ensemble projections will be available at various temporal-resolution levels (i.e., annual, seasonal, monthly, daily, and hourly) and thus can be used directly for climate change impact assessment.
Methodology a. Regional climate modeling
In this study, the PRECIS regional climate modeling system developed at the Met Office Hadley Centre is used to generate high-resolution climate projections for the province of Ontario. The PRECIS is a flexible, easyto-use, and computationally inexpensive RCM designed to provide detailed climate scenarios (Wilson et al. 2011) . It can be applied easily to any area of the globe to generate detailed climate change projections, with the provision of a simple user interface as well as a visualization and data-processing package. The PRECIS is able to run at two different horizontal resolutions: 0.448 (approximately 50 km) and 0.228 (approximately 25 km), with 19 vertical levels using a hybrid coordinate system (a combination of s coordinate and pressure-based coordinate). The PRECIS is a comprehensive physical model with consideration of both the atmosphere and land surface components of the climate system and thus is capable of representing the important physical processes within the climate system, such as dynamical flow, atmospheric sulfur cycle, clouds and precipitation, radiative processes, and the interactions between land surface and deep soil (Jones et al. 2004) . Apart from this, a full range of meteorological variables can be diagnosed by the PRECIS model, and its output variables are available at various temporal resolutions (i.e., annual, seasonal, monthly, daily, and hourly).
b. Boundary conditions
Given that RCMs are limited-area models, they need to be driven at their boundaries by time-dependent large-scale fields (e.g., wind, temperature, water vapor, and surface pressure) to provide meteorological forcing for model simulations (Jones et al. 2004 ). These fields are usually known as boundary conditions and can be derived from either analyses of observations or GCM integrations in a buffer area that is not considered when analyzing the results of the RCM (Bellprat et al. 2012 ). The PRECIS model requires surface boundary conditions and lateral boundary conditions at its edges, but there is no prescribed constant at the upper boundary of the model (except for the input of solar radiation). Surface boundary conditions are required only over ocean and inland water where the model needs time series of surface temperatures and ice extents. Lateral boundary conditions provide the necessary dynamical atmospheric information at the latitudinal and longitudinal edges of the model domain (e.g., surface pressure, winds, temperature, and humidity, as well as the necessary chemical species when the sulfur cycle is being modeled). Lateral boundary conditions are updated every 6 h in the PRECIS model, whereas surface boundary conditions are updated every day (Jones et al. 2004) .
In this study, we derive boundary conditions from a HadCM3-based perturbed physics ensemble [known as Quantifying Uncertainty in Model Predictions (QUMP); available at http://www.metoffice.gov.uk/ precis/qump] under the SRES A1B emissions scenario to drive the PRECIS simulations over Ontario. The QUMP consists of 17 members and is developed by the Hadley Centre to allow users to generate an ensemble of high-resolution regional climate projections (Collins et al. 2006; McSweeney et al. 2012 ). The QUMP ensemble is implemented by varying uncertain parameters in the modeling representation of important physical and dynamical processes. Downscaling the 17-member perturbed physics ensemble (PPE) with PRECIS would require very large inputs of computing resources, data storage, and data analyses. To explore the range of uncertainties while minimizing these requirements, we select five members (i.e., HadCM3Q0, Q3, Q10, Q13, and Q15) from the QUMP ensemble according to the Hadley Centre's recommendation (McSweeney and Jones 2010) . HadCM3Q0 is first selected as it is the standard, unperturbed model using the original parameter settings as applied in the atmospheric component of HadCM3. Selection of the remaining four members is based on 1) their performances in simulating the climate of the present day, to ensure that the selected members can represent the climate of the region of interest realistically, and 2) the range or spread of future outcomes, in order to ensure that the selected members can sample the full range of outcomes simulated by the 17-member ensemble (McSweeney et al. 2012) . In this study, we perform the PRECIS ensemble simulations in a continuous run from 1950 to 2099 with a resolution of 25 km.
c. Projected IDF curves
The intensity-duration-frequency relationships of rainfall extremes (in the form of IDF curves) are often analyzed and summarized to help understand the characteristics of extreme rainfall events at given locations. An IDF curve can be generated through a statistical analysis of observed extreme rainfall events to provide the probability of a given rainfall intensity and duration expected to occur at a particular location. IDF curves have been extensively applied in many hydraulic and hydrological engineering practices for the design of structures that control storm water and flooding (e.g., Borga et al. 2005; Hogg et al. 1989; Madsen et al. 2009; Madsen et al. 2002; Mailhot et al. 2007; Veneziano and Furcolo 2002) . However, current development of IDF curves relies on the assumption of a stationary rainfall series such that the intensity and frequency of extreme hydrological events remain unchanged over time (Mailhot et al. 2007 ). In fact, such a stationary assumption is not necessarily applicable for future hydrologic time series in the context of climate change (Chen and Rao 2002; He et al. 2015 He et al. , 2006 . Therefore, we will develop projections of IDF curves using the PRECIS ensemble simulations to help assess the potential impacts of climate change on extreme rainfall events in the context of Ontario. The projected IDF curves will include the frequency of annual extremes of rainfall intensity (mm h 21 ) or rainfall amount (mm) corresponding to the following durations: 5, 10, 15, 30, and 60 min and 2, 6, 12, and 24 h. As a well-known Type I distribution, Gumbel extreme value distribution will be used to fit the annual extremes such that the extreme rainfall intensity or depth at a given frequency (known as return period, usually expressed in years) can be estimated for all durations. Return periods considered in this study are 2, 5, 10, 25, 50, and 100 yr. The detailed steps for developing the projected IDF curves are provided in the work of Wang et al. (2014c) .
d. Ensemble percentiles
To synthesize the ensemble simulations by the PRECIS model, we use the Type 7 algorithm (Hyndman and Fan 1996) hereinafter to derive quantiles (or percentiles) through a piecewise linear interpolation. To allow for more freedom in exploring the uncertainties associated with the simulations, we calculate the following ensemble percentiles: 10th, 20th, 30th, . . . , 80th, and 90th. Following the approach used in the UK Climate Projections report (Murphy et al. 2009 ), we select three typical percentiles (i.e., 10th, 50th, and 90th) to summarize the possible outcomes of future projections. In detail, the median (viz., the 50th percentile) is used here to represent the central value of the distribution, indicating that half of the members are less than or equal to it; the 10th percentile is used to describe the ensemble projections as very likely to be greater than or very unlikely to be less than, while the 90th percentile is to indicate very likely to be less than or very unlikely to be greater than.
Development of Ontario CCDP
A web-based data portal, known as Ontario Climate Change Data Portal (CCDP), is developed to make the ensemble regional climate change projections available to the public (at http://ontarioccdp.ca). Ontario CCDP is implemented with provision of both visual representations and data downloading functions of climate scenarios using geospatial maps in order to ensure that technical or nontechnical end users (e.g., municipalities, private sectors) have easy and intuitive access to the refined Ontariofocused high-resolution regional climate data.
a. Framework and functionality
As outlined in Fig. 1 , Ontario CCDP consists of five modules: user access, map overview, IDF curves, time series downloading, and help center. The user access module is designed to facilitate quick and easy access to the datasets of Ontario CCDP. The access to Ontario CCDP is free of charge, but users are required to create an account through user registration while downloading data. Only basic information (e.g., name, organization, and research purpose) will be collected for statistical purposes. The map overview module consists of map selector, map layer controller, and panel controller, which is developed with the up-to-date web-based technologies and online map visualization tools (i.e., ArcMap version 10 and ArcGIS Online: http://www.esri.com/software/ arcgis/arcgisonline). It allows users to view highresolution maps of climate projections (e.g., for temperature and precipitation) over Ontario quickly and easily, and it only requires an Internet browser. Free access to IDF curves is also implemented with the aid of the IDF curves selector and viewer, which enables users to preview IDF curves for each 25-km grid cell and to download the corresponding data file for further analysis. The time series downloading module is the most challenging but also the most useful function of Ontario CCDP because of its huge data volume (;4 terabytes), including daily and hourly time series spanning from 1960 to 2095 for up to seven climate variables. With the integration of the variable selector and grid data downloader, it allows users to easily locate and download the time series at specific points or regions of interest. The time series included in Ontario CCDP can be used directly for driving impact models to help assess the impacts of climatic changes at regional scales. In addition, Ontario CCDP provides an online help center, including an ''About Us'' page, frequently asked questions, and contact information, to provide necessary documentation and guidance regarding the use of the data portal.
The home page of Ontario CCDP is designed with a neat and user-friendly layout (shown in Fig. 2 ). Users can explore freely more than 1200 gridded maps to help illustrate the spatial patterns of temperature and precipitation projections over Ontario. The main panel serves as a main controller allowing users to select the climate variable, time period, measurement, and averaging options as well as the ensemble percentile. One can also switch on or off a number of map layers (including Ontario boundary, census divisions, census subdivisions, census tracts, agriculture regions, and health regions) and other information panels (such as the gauge panel, legend panel, and cursor panel) to facilitate the exploration of the high-resolution climate projections included by Ontario CCDP. Additionally, a number of auxiliary functions are provided to help with map viewing and data downloading. For example, the map view controller enables users to change the transparency of the gridded map, find users' geographical location, reset the map to default extent, and zoom in Fig. 3 ).
b. Climate data integration
As a physically based model, the PRECIS outputs a full range of meteorological variables at various temporal resolutions. Because of the huge data volume, only a small number of output variables are provided in Ontario CCDP. Temperature and precipitation are included as they are widely regarded as indicators of climate change. In addition, another five variables of wide concern for climate impact researchers (i.e., relative humidity, surface solar radiation, wind speed, and wind components U and V) are incorporated to provide driving scenarios for impact models. The data availability for climate variables and IDF curves is detailed in Table 1 . Projections for daily average temperature and total precipitation are available for four time periods (i.e., baseline period, 2030s, 2050s, and 2080s) at all temporal resolutions (i.e., annual, seasonal, monthly, daily, and hourly). For the remaining variables, we provide time series only for either daily or hourly time steps. The projections of IDF curves are also available for four time periods. Note that the datasets provided in the platform cover ;1900 25 km 3 25 km grid cells over the province of Ontario.
Results

a. Validation of the PRECIS ensemble
We use the 10-km gridded climate dataset provided by the National Land and Water Information Service (NLWIS) Agriculture and Agri-Food Canada to validate the capability of the PRECIS ensemble simulations in capturing the historical climatology of Ontario. The 
NLWIS dataset is interpolated from daily Environment Canada climate station observations through a thin-plate smoothing spline surface fitting method as implemented by the thin plate spline smoothing algorithms (ANUSPLIN), version 4.3 (NLWIS 2007). The NLWIS dataset contains daily maximum temperature, minimum temperature, and precipitation for 1961-2003 covering the Canadian landmass south of 608N. Here we estimate daily average temperature on each 10-km grid cell using the average of daily maximum and minimum temperature. The data for 1961-90 is extracted to represent the observations of historical climate in the context of Ontario. The NLWIS dataset is regridded to the 25-km grids of the PRECIS model such that the undermentioned validation analyses can be conducted at the same spatial resolution. We first evaluate the performance of each member of the ensemble by comparing each one with the NLWIS dataset separately. Figures 4 and 5 show the comparisons of daily average temperature and annual total precipitation. Here we use the name of its driving boundary condition to denote each member in order to distinguish it from the others. It seems that most of the ensemble members (i.e., HadCM3Q0, Q10, Q13, and Q15) are likely to slightly overestimate the daily average temperature in the baseline period. This is especially true for the central and northern areas of Ontario. Specifically, the simulated average temperature by these four members is mostly bounded by [1, 4]8C in the middle and [23, 1]8C in the north, while the observed average temperature is mainly ranging within [21, 3]8C in the middle and [25, 21]8C in the north. As for the average temperature over southern Ontario, these four members show good agreement with the observations except for the Q10 member, which presents apparent warm bias in most of the area. By contrast, the Q3 member shows better performance in capturing the spatial pattern of daily average temperature than these four members, even though it tends to slightly underestimate the observed daily average temperature in the north and south. Not surprisingly, the ensemble members demonstrate similar performance in simulating the annual total precipitation. The Q3 member shows satisfactory performance in reflecting the spatial pattern of precipitation in comparison with the other four members, which are all likely to generate more precipitation than the observations. In addition, we notice that all the ensemble members perform very well in reflecting the spatial variations in precipitation at a higher resolution, while the NLWIS dataset can hardly do so because of its basis on a smoothing interpolation algorithm. Based on the initial performance evaluation to each member of the PRECIS ensemble, it is apparent that the Q3 member performs the best in hindcasting both temperature and precipitation. However, it is not suggested to use the results only from this member for the subsequent impact assessment because it can hardly reflect the uncertainties associated with the future climate projections.
To investigate the overall performance of the ensemble simulations in capturing the historical climatology over Ontario, we further compare three typical percentiles (i.e., 10th, 50th, and 90th) of the ensemble with the NLWIS dataset. Apart from daily average temperature and annual total precipitation, our comparisons also cover daily maximum and minimum temperature as well as seasonal total precipitation. The comparisons are presented as the difference between the ensemble percentiles and the NLWIS dataset. Figure 6 shows differences in daily average, maximum, and minimum temperature. The 10th percentiles of difference in average temperature over the entire province are mainly ranging within [21, 1]8C, while its 90th percentiles are largely bounded by [1, 3] 8C. This means that the observations of average temperature are mostly bounded by the 10th and 90th percentiles of the PRECIS ensemble, indicating that the ensemble simulations are capable of hindcasting the average temperature over Ontario in the baseline period. Similarly, the ensemble simulations also perform well in capturing daily maximum temperature as the 10th percentiles However, apparent negative differences in daily maximum temperature are found over the Great Lakes. This may suggest that the PRECIS model is likely to underestimate the maximum near-surface air temperature over the Great Lakes. It seems that the ensemble simulations perform relatively poorly in hindcasting daily minimum temperature because its 10th percentiles of difference mainly vary within [1, 3] 8C over most areas of Ontario, except for the southern end where the 10th percentiles of difference are largely bounded by [21, 1] 8C. In addition, the obvious warm bias over the Great Lakes may suggest that the PRECIS model is likely to overestimate the minimum near-surface temperature over large bodies of inland water. Figure 7 shows the differences in annual and seasonal precipitation between the ensemble simulations and the NLWIS dataset. The 10th percentiles of difference in winter, summer, and autumn precipitation are mostly negative, while their 90th percentiles of difference are primarily positive within the domain of Ontario, demonstrating the reasonable performance of the ensemble simulations in capturing the historical precipitation patterns in these three seasons. By contrast, the 10th percentiles of difference in spring precipitation show apparent positive bias over most areas of Ontario. This is especially true for the north and the middle regions where the bias in precipitation can be as high as [25, 35] %. This may suggest that the PRECIS model is likely to generate more precipitation in spring in the baseline period. Such positive bias in spring precipitation more or less affect the annual total precipitation, although the ensemble simulations perform generally well in simulating precipitation of the other three seasons. In detail, the 10th percentiles of difference in annual total precipitation are largely bounded by [0, 10]% in the north and are primarily bounded by [215, 0] % in the south, while the 90th percentiles of difference in annual total precipitation are mostly positive. This indicates that the ensemble simulations are capable of capturing the annual precipitation patterns in the south but are likely to slightly overestimate the annual precipitation in the north.
b. Future climate projections
Ensemble projections for a number of climate variables are provided in Ontario CCDP; here we present only the results of daily average temperature and annual and seasonal total precipitation. Figure 8 shows the projections of daily average temperature over Ontario for three future 30-yr periods at the 10th, 50th, and 90th percentiles. It seems that there is likely to be an obvious warming trend with time over the entire province. This is especially true for the northern end where the central estimate of average temperature is projected to be Table 2 . We extract the projections of daily average temperature in three future periods as well as the simulations of the baseline period for these nine cities and then compare their changes in temperature relative to the baseline period. The results are presented in Fig. 9 . It is interesting to find that there is no big difference in the magnitude of the temperature increase among the selected cities even though their projected values of daily average temperature may significantly differ from each other. For example, the average temperature in the most northern city (i.e., Fort Severn) is projected to be 21.28C in the 2030s, while the temperature for the same period in the most southern city (i.e., Windsor) would be as high as 12.18C. However, they are likely to suffer the same change in average temperature (i.e., 12.78C) in the 2030s. For all cities, the projected increases in average temperature would be Figure 10 shows the projections of annual total precipitation over Ontario for three future periods at the 10th, 50th, and 90th percentiles. It can be found that there is an apparent spatially increasing pattern for annual total precipitation, like average temperature, along with the latitude. For example, the 50th percentiles of annual precipitation in the north would vary within [600, 800] mm in the 2030s, while in the middle and the south the projected annual precipitation in the same period would mostly be within [800, 1000] and [1000, 1200] mm, respectively. Furthermore, it seems that there are no significant changes in the spatial pattern of annual total precipitation (i.e., dry in the north and wet in the south) in the 2050s and 2080s. To further investigate the temporal trend in annual precipitation, we extract the projected precipitation for the nine cities in three future periods and compare with the simulations for the baseline period. The results are presented in Fig. 11 . Even though the changes in annual precipitation at these nine cities are distinct from each other, the vast majority of cities are projected to suffer positive changes varying within [3.2, 17.5]% in the future periods, except for the cities of Windsor and Kenora where negative changes in annual precipitation (within [20.4, 23.4 ]%) are likely to occur. Because the magnitude of these negative changes is relatively small, it is reasonable to believe that there is likely to be a slight increasing trend in annual precipitation with time in the context of Ontario. In general, In addition, projections of seasonal precipitation over Ontario are also analyzed in this study to help understand the annual cycle of precipitation (shown in Fig. 12 ). Apparent meridional patterns of seasonal precipitation (i.e., less in the north and more in the south) are also projected for winter, spring, and autumn (while no obvious spatial pattern is reported for summer). Meanwhile, an overall slight increasing trend in winter and spring precipitation is projected in most regions of the province. This is especially apparent for the northern areas where the grid cells with winter precipitation less than 100 mm or spring precipitation less than 150 mm are significantly reduced from the 2030s to 2080s. However, it seems that there are no obvious temporal trends in summer and autumn precipitation.
c. Projected IDF curves
Apart from high-resolution projections of a number of climate variables, Ontario CCDP also contains projections of IDF curves at 25-km gridpoint scales for the entire province. Because one IDF curve may include a great deal of information on the rainfall intensity under different combinations of duration and return period for extreme rainfall events, we present projections of IDF curves for only the nine selected cities in this paper (as illustrated in Fig. 13 ). The projected IDF curves for the entire province can be accessed and downloaded free of charge at Ontario CCDP for further analysis. The generated IDF curves for the baseline period have been validated at 12 selected stations in comparison with the ones developed with observational data provided by Environment Canada, and the validation results are presented in the paper of Wang et al. (2014c) . FIG. 11 . As in Fig. 9 , but for annual total precipitation. Table 3 shows the 50th percentiles of rainfall intensity of 50-and 100-yr storms in the 2080s for the selected cities projected by the PRECIS ensemble simulations. Apparently, each city tells a totally different story in terms of the projected rainfall intensities at different durations and return periods because of the spatial variations in precipitation. For example, the projected rainfall intensity for a 50-yr storm with a 24-h duration in Ottawa is likely to be the same as the one in Windsor (i.e., 7.4 To analyze the temporal trend in the intensity of rainfall storms, we further extract the rainfall intensities with a 100-yr return period and a 24-h duration for the baseline and future periods at the nine cities. The percentage changes in the rainfall intensity of storm events in three future periods relative to the baseline period are then computed. The results are shown in Fig. 14 . It seems that most of the cities are likely to suffer an increase in the intensity of a 100-yr rainfall storm with a 24-h duration because the overwhelming majority of percentage changes are positive while negative changes are likely to occur only in Kenora and Moose Factory during the 2030s (by 24.7% and 23%, respectively), in Fort Hope during the 2050s (by 22.6%), and in Windsor during the 2080s (by 26.4%). However, the magnitude of these negative changes is relatively small in comparison with the projected positive changes (mostly higher than 15%). This may suggest that there is likely to be an overall increase in the projected rainfall intensity from the 2030s to 2080s at most of the selected cities, although the projected intensity in the 2050s at a few cities may be temporally strengthened (e.g., in Marathon) or weakened (e.g., in Sudbury).
Summary and conclusions
In this study, high-resolution regional climate projections over Ontario, Canada, were developed through an ensemble modeling approach to provide reliable and ready-to-use climate scenarios for assessing plausible effects of future climatic changes at local scales. We adopted the PRECIS regional climate modeling system to conduct ensemble simulations in a continuous run from 1950 to 2099, which was driven by the boundary conditions from a HadCM3-based perturbed physics ensemble. The ensemble simulations were divided into four time slices including one baseline period and three future periods (i.e., 2030s, 2050s, and 2080s). Simulations of temperature and precipitation for the baseline period were compared to the observed values to validate the performance of the ensemble in capturing the current climatology over Ontario. Future projections were then analyzed to help understand plausible changes in its local climate in response to global warming. To make the ensemble projections available to the general public, a web-based climate data portal named Ontario CCDP was developed (http://ontarioccdp.ca). The Ontario CCDP contains a number of representative climate variables, such as temperature, precipitation, humidity, solar radiation, wind speed, and wind direction. Additionally, we have developed the projections of rainfall IDF curves to help understand the possible effects of climate change on extreme precipitation events in the context of Ontario. The projected IDF curves at 25-km gridpoint scales were also made available at Ontario CCDP.
Our analyses for the climate projections over Ontario indicate that there is likely to be an obvious warming trend with time over the entire province. This is especially true for the northern end where the central estimate of average temperature is projected to be below zero (i.e., [22, 0] 8C) in the 2030s; afterward the average temperature is likely to rise above zero (i.e., [0, 2]8C) in the 2050s and would continue to increase up to [3, 5] 8C in the 2080s. We also find that the spatial variability in the magnitude of temperature increase is very little even though there is an apparent increasing pattern from north to south in the average temperature. For the whole province, the average temperature is likely to increase by [2.6, 2.7]8C in the and [5.9, 7 .4]8C in the 2080s. Likewise, the annual total precipitation over the entire province is projected to increase slightly (i.e., [4.5, 7 .1]% in the 2030s, [4.6, 10 .2]% in the 2050s, and [3.2, 17.5]% in the 2080s). The projected increase in annual precipitation is mainly contributed by the increases in winter and spring precipitation as there are no obvious temporal trends in summer and autumn precipitation. Furthermore, our analyses of the projected IDF curves suggest that there is likely to be an overall increase in the intensity of rainfall storms at most of the cities in Ontario. Since its initial launch on January 2014, Ontario CCDP has received about 16 000 downloading requests from over 150 registered users (as of June 2015), including academia, municipal and provincial agencies, nongovernment agencies, and private sectors. The climate data included in Ontario CCDP have been widely used for different research purposes, such as agricultural impact and risk assessments, water quality and quantity forecasting, infrastructure design and operations, wind power applications, analysis of the impacts of the shrinking ice cover over the Great Lakes and Hudson Bay, and many other applications related to climate change impact assessment and adaptation studies. However, we should note that the climate data and IDF curves contained in the current version of Ontario CCDP are all based upon the projections from phase 3 of the Coupled Model Intercomparison Project (CMIP3). Along with the release of phase 5 of CMIP (CMIP5) by the World Climate Research Programme's Working Group on Coupled Modelling in 2011, a stateof-the-art multimodel dataset was produced with the advancement of human knowledge in climate systems. Our ongoing efforts are therefore updating the highresolution climate projections for the province of Ontario through ensemble downscaling to the CMIP5 dataset. Continuing developments and improvements to the data portal are also part of our future efforts. Following that, more climate projections and analysis FIG. 14. As in Fig. 9 , but for rainfall intensity for the storm event with 24-h duration and 100-yr return period (50th percentile). tools will be developed and integrated into the next version of Ontario CCDP.
